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Introduction to top physics
Direct access to fundamental parameter of the SM (mt, Vtb)
Direct probe of the EWSB sector
Other stringent tests of SM:

Constraints on couplings, CPT invariance

Privileged sector for the direct manifestation of new physics
In production (pp→X→tt) and association (pp→tt+X)
In decay (H+, FCNC,…)

Indirect probe for the presence of new physics 
Charge asymmetries, spin structure, couplings

“The jackknife” for physics at the LHC
All sub-detectors are involved in top reconstruction
Helps understanding (b)jet scale and b-tagging
Constraints on PDFs
Top production is background for searches
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In this talk

Top quark mass and tt mass difference
W helicity and Wtb coupling
Spin correlations
Charge asymmetries
FCNC in top decays
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A selection of recent results on the following topics:
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Top quark mass



16 The ATLAS Collaboration

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0
100
200
300
400
500
600
700
800
900

1000

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0
100
200
300
400
500
600
700
800
900

1000
ATLAS
e + jets

-1 L dt = 1.04 fb∫

 0.008±JSF = 0.985 

bkg + PsigP
bkgP

Data

(a) e+jets channel
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(b) µ+jets channel
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(c) e+jets channel
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(d) µ+jets channel

Fig. 8 2d-analysis: Mass distributions fitted to the data for the e+jets channel on the left and the µ+jets channel on the
right. Shown are (a, b) the m

reco

W

distributions, and in (c, d) the m

reco

top

distributions. The data points are shown with their
statistical uncertainties. The lines denote the background probability density function (dashed) and the sum of the signal and
background probability density functions (full).

Combining the results for the two lepton channels
separately for each analysis gives the following results
(note that these two analyses are correlated as described
above):

m
top

= 174.4 ± 0.9
stat

± 2.5
syst

GeV (1d-analysis),

m
top

= 174.5 ± 0.6
stat

± 2.3
syst

GeV (2d-analysis).

For the 1d-analysis the µ+jets channel is more precise,
and consequently carries a larger weight in the com-
bination, whereas for the 2d-analysis this is reversed.
However, for both analyses, the improvement on the
more precise estimate by the combination is moderate,
i.e. a few percent, see Table 2.

The combination of all four measurements of m
top

yields statistical and systematic uncertainties on the
top quark mass of 0.6 GeV and 2.3 GeV, respec-
tively. Presently this combination does not improve the
precision of the measured top quark mass from the
2d-analysis, which has the better expected total un-

certainty. Therefore, the result from the 2d-analysis is
presented as the final result. The two analyses will dif-
ferently profit from progress on the individual system-
atic uncertainties, which can be fully exploited by the
method to estimate the statistical correlation of di↵er-
ent estimators ofm

top

obtained in the same data sample
together with the outlined combination procedure. The
results are summarised in Figure 10 and compared to
selected measurements from the Tevatron experiments.

9 Summary and conclusion

The top quark mass has been measured directly via two
implementations of the template method in the e+jets
and µ+jets decay channels, based on proton-proton col-
lision data from 2011 corresponding to an integrated lu-
minosity of about 1.04 fb�1. The two analyses mitigate
the impact of the three largest systematic uncertain-
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Top mass in lepton+jets
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Fig. 9 2d-analysis: The correlation of the measured top
quark mass m

top

, and jet energy scale factor JSF for (a) the
e+jets channel, and (b) the µ+jets channel. The ellipses cor-
respond to the one- and two standard deviation uncertainties
of the two parameters.
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Most precise (CDF l+jets)   1.1±  0.7 ±173.0 
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e+jets (2d)   2.3±  0.8 ±174.3 

+jets (1d)µ   2.6±  1.1 ±175.5 

e+jets (1d)   2.5±  1.5 ±172.9 
ATLAS (Date: February 23, 2012)

(stat)      (syst)

Fig. 10 The measurements on m

top

from the individual
analyses and the combined result from the 2d-analysis com-
pared to the present combined value from the Tevatron ex-
periments [3] and to the most precise measurement of m

top

used in that combination.

ties on the measured m
top

with di↵erent methods. The
e+jets and µ+jets channels, and both analyses, lead to
consistent results within their correlated uncertainties.

A combined 1d-analysis and 2d-analysis result does
not currently improve the precision of the measured
top quark mass from the 2d-analysis and hence the
2d-analysis result is presented as the final result:

m
top

= 174.5 ± 0.6
stat

± 2.3
syst

GeV .

This result is statistically as precise as the m
top

mea-
surement obtained in the Tevatron combination, but
the total uncertainty, dominated by systematic e↵ects,
is still significantly larger. In this result, the three most
important sources of systematic uncertainty are from
the relative b-jet to light jet energy scale, the modelling
of initial and final state QCD radiation, and the light
quark jet energy scale. These sources account for about
85% of the total systematic uncertainty.
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Abstract The top quark mass has been measured us-
ing the template method in the tt̄ ! lepton+jets chan-
nel based on data recorded in 2011 with the ATLAS
detector at the LHC. The data were taken at a proton-
proton centre-of-mass energy of

p
s = 7 TeV and cor-

respond to an integrated luminosity of 1.04 fb�1. The
analyses in the e+jets and µ+jets decay channels yield
consistent results. The top quark mass is measured to
be m

top

= 174.5 ± 0.6
stat

± 2.3
syst

GeV.

Keywords Top quark mass · Template method ·
ATLAS

1 Introduction

The top quark mass (m
top

) is a fundamental parameter
of the Standard Model (SM) of particle physics. Due to
its large mass, the top quark gives large contributions to
electroweak radiative corrections. Together with preci-
sion electroweak measurements, the top quark mass can
be used to derive constraints on the masses of the as
yet unobserved Higgs boson [1,2], and of heavy particles
predicted by extensions of the SM. After the discovery
of the top quark in 1995, much work has been devoted
to the precise measurement of its mass. The present av-
erage value of m

top

= 173.2 ± 0.6
stat

± 0.8
syst

GeV [3]
is obtained from measurements at the Tevatron per-
formed by CDF and D; with Run I and Run II data cor-
responding to integrated luminosities of up to 5.8 fb�1.
At the LHC, m

top

has been measured by CMS in tt̄
events in which both W bosons from the top quark
decays themselves decay into a charged lepton and a
neutrino [4].

CERN, 1211 Geneva 23, Switzerland,
E-mail: atlas.publications@cern.ch

The main methodology used to determine m
top

at
hadron colliders consists of measuring the invariant
mass of the decay products of the top quark candi-
dates and deducing m

top

using sophisticated analy-
sis methods. The most precise measurements of this
type use the tt̄ ! lepton+jets channel, i.e. the decay
tt̄ ! `⌫b

`

q
1

q
2

b
had

with ` = e, µ, where one of the W
bosons from the tt̄ decay decays into a charged lepton
and a neutrino and the other into a pair of quarks, and
where b

`

(b
had

) denotes the b-quark associated to the
leptonic (hadronic) W boson decay. In this paper these
tt̄ decay channels are referred to as e+jets and µ+jets
channels.

In the template method, simulated distributions
are constructed for a chosen quantity sensitive to the
physics observable under study, using a number of dis-
crete values of that observable. These templates are fit-
ted to functions that interpolate between di↵erent input
values of the physics observable, fixing all other param-
eters of the functions. In the final step a likelihood fit
to the observed data distribution is used to obtain the
value for the physics observable that best describes the
data. In this procedure, the experimental distributions
are constructed such that they are unbiased estimators
of the physics observable used as an input parameter
in the signal Monte Carlo samples. Consequently, the
top quark mass determined this way from data corre-
sponds to the mass definition used in the Monte Carlo.
It is expected [5] that the di↵erence between this mass
definition and the pole mass is of order 1 GeV.

The precision of the measurement of m
top

is lim-
ited mainly by the systematic uncertainty from a few
sources. In this paper two di↵erent estimators for m

top

are developed, which have only a small statistical corre-
lation and use di↵erent strategies to reduce the impact
of these sources on the final uncertainty. This choice

 [GeV]fit
tm

100 200 300 400
S

u
m

 o
f 

p
e

rm
u

ta
tio

n
 w

e
ig

h
ts

 /
 5

 G
e

V

200

400

600

800

1000

 correcttt
 wrongtt

 unmatchedtt
 uncertaintytt

QCD
!l"W

Z+jets
single top

)-1Data (4.7 fb 

=7 TeVs,  -1CMS preliminary, 4.7 fb

CMS: kinematic fit + “ideogram method”
combine event-per-event likelihood

16 The ATLAS Collaboration

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0
100
200
300
400
500
600
700
800
900

1000

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0
100
200
300
400
500
600
700
800
900

1000
ATLAS
e + jets

-1 L dt = 1.04 fb∫

 0.008±JSF = 0.985 

bkg + PsigP
bkgP

Data

(a) e+jets channel

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0

200

400

600

800

1000

1200

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0

200

400

600

800

1000

1200 ATLAS
 + jetsµ

-1 L dt = 1.04 fb∫

 0.006±JSF = 0.986 

bkg + PsigP
bkgP

Data

(b) µ+jets channel
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(c) e+jets channel
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Fig. 8 2d-analysis: Mass distributions fitted to the data for the e+jets channel on the left and the µ+jets channel on the
right. Shown are (a, b) the m

reco

W

distributions, and in (c, d) the m

reco

top

distributions. The data points are shown with their
statistical uncertainties. The lines denote the background probability density function (dashed) and the sum of the signal and
background probability density functions (full).

Combining the results for the two lepton channels
separately for each analysis gives the following results
(note that these two analyses are correlated as described
above):

m
top

= 174.4 ± 0.9
stat

± 2.5
syst

GeV (1d-analysis),

m
top

= 174.5 ± 0.6
stat

± 2.3
syst

GeV (2d-analysis).

For the 1d-analysis the µ+jets channel is more precise,
and consequently carries a larger weight in the com-
bination, whereas for the 2d-analysis this is reversed.
However, for both analyses, the improvement on the
more precise estimate by the combination is moderate,
i.e. a few percent, see Table 2.

The combination of all four measurements of m
top

yields statistical and systematic uncertainties on the
top quark mass of 0.6 GeV and 2.3 GeV, respec-
tively. Presently this combination does not improve the
precision of the measured top quark mass from the
2d-analysis, which has the better expected total un-

certainty. Therefore, the result from the 2d-analysis is
presented as the final result. The two analyses will dif-
ferently profit from progress on the individual system-
atic uncertainties, which can be fully exploited by the
method to estimate the statistical correlation of di↵er-
ent estimators ofm

top

obtained in the same data sample
together with the outlined combination procedure. The
results are summarised in Figure 10 and compared to
selected measurements from the Tevatron experiments.

9 Summary and conclusion

The top quark mass has been measured directly via two
implementations of the template method in the e+jets
and µ+jets decay channels, based on proton-proton col-
lision data from 2011 corresponding to an integrated lu-
minosity of about 1.04 fb�1. The two analyses mitigate
the impact of the three largest systematic uncertain-

ATLAS: Template fit as 
function of JES 
and top mass

* CR and UE systematic included

*
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Top mass in dileptons

Selection similar to cross section measurement, plus MET cut for ee and mm

Event kinematics reconstructed with “KINb” method:
Solve numerically kinematics equations. Most likely value taken as mt estimate
MLM fit of reconstructed mass distributions for lepton combinations and b-tags

Most precise measurement in di-lepton channel to date
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Measurement of the top quark mass in the dilepton channel
in pp collisions at

p
s=7 TeV

The CMS Collaboration

Abstract

We present a measurement of the top quark mass mtop in the dilepton decay channel
tt̄ ! (l+nlb) (l�n̄l b̄) in pp collisions at

p
s = 7 TeV. The data sample of the mea-

surement corresponds to an integrated luminosity of 2.3 fb�1 collected with the CMS
detector at the LHC. Events are selected by requiring two leptons, at least two jets
and missing transverse energy. The mass is reconstructed from the kinematic charac-
teristics of the events with a full kinematic analysis. A set of templates is constructed
from simulated samples and a likelihood fit is performed to derive the mass. The
result yields a measurement of mtop = 173.3 ± 1.2(stat.)+2.5

�2.6(syst.) GeV/c2.
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Top mass in full hadronic decays

Fully-hadronic final state with two b-
tagged jets
Mass obtained by fitting templates to 
three-jet mass combination 
Templates obtained combining signal 
MC and background from data
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Figure 8: Fit of top-quark mass: The black histogram is the sum of contributions from the Monte-Carlo
simulation derived signal for a top-quark mass of 174.9 GeV (red) and the background estimate from the
5+1 mixing sample (green).
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Source Uncertainty [GeV]
Method 0.4
Template statistics 0.9
MC generator 0.5
ISR/FSR 1.7
PDF 0.6
Background modelling 1.9
Jet energy scale 2.1
b-jet energy scale 1.4
b-tag e�ciency scale factors 0.3
Jet energy resolution 0.3
Jet reconstruction e�ciency 0.2
Total systematic uncertainty 3.8

Table 1: Compilation of systematic uncertainty contributions on the measurement of mt.

5 Conclusion

Analyzing 2.04fb�1 of ATLAS data for the all-hadronic decay of the tt̄ final state, the mass of the top
quark has been measured to be

mt = 174.9 ± 2.1 (stat.) ± 3.8 (syst.) GeV

where the systematic uncertainty is dominated by e↵ects from the jet energy scale, background mod-
elling, initial and final state radiation, and b-jet energy scale. This is the first ATLAS result on the
top-quark mass using the all-hadronic decay of the tt̄ final state. It agrees with the ATLAS result
mt = 175.9 ± 0.9 (stat.) ± 2.7 (syst.) GeV from the lepton+jets decay channel [27].

13

ATLAS-CONF-2012-030
CDF Note 10456

Source !Msyst
top (GeV/c2) !!JESsyst ("JES)

Residual bias 0.2 0.03

Calibration 0.1 0.01

Generator 0.5 0.21

ISR/FSR 0.1 0.04

b-jets energy scale 0.2 0.05

SF ET dependence 0.1 0.01

Residual JES 0.4 !!

PDF 0.2 0.04

Multiple Hadron Interactions 0.1 0.04

Color Reconnections 0.3 0.12

Templates Statistics 0.3 0.05

Background 0.6 0.11

Trigger 0.2 0.04

Total 1.1 0.29

TABLE II: Breakdown of observed systematic uncertainties from di"erent sources and their respective amount. The contribution
depending on the statistical errors (i.e. the “residual bias”) has been calculated here by the values observed in the measurement
on data. The total uncertainty is obtained by the quadrature sum of single contributions.
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FIG. 11: Measured likelihood as a function of the Mtop and !JES parameters (left) and contours corresponding to variations
of the same parameters of one, two and three standard deviations as given by MINOS (right). The fitted central values,
corresponding to the maximum likelihood (or minimum ! lnL), are also shown.

These values have to be calibrated and the uncertainties have then also to be corrected by multiplicative factors
1.06 and 1.07 for Mtop and !JES respectively, as mentioned in section VIII B, so that we finally obtain :

M corr
top = 172.47± 1.72 (stat + JES)GeV/c2

!JEScorr = !0.105± 0.331 (stat + Mtop)!JES

The purely statistical part of the uncertainty can be isolated and the results written as :
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Neural net and 1 or 2 b-tagged jets
Simultaneous fit of top mass and JES
Data driven background model

ATLAS

CDF

k. Templates statistics As mentioned in section VIII A, the shapes of signal and background templates are
a!ected by uncertainties due to the limited statistics of the Monte Carlo (for the signal) and data (for the back-
ground) samples used to build them. These uncertainties a!ect the results of a measurement, which is performed
by an unbinned likelihood where parametrized p.d.f.’ s, fitted to default templates, are evaluated. We address this
e!ect obtaining 200 sets of templates by statistical fluctuations of default ones, and performing pseudo-experiments
drawing data from each of these sets separately. The spread in the average values of M corr

top and "JEScorr distri-

butions is taken as systematic uncertainty. This was repeated at many (M in
top, "JESin) points and an average gives

!M syst
top (Templ. Stat.) ! 0.27 GeV/c2 and !"JESsyst (Templ. Stat.) ! 0.052 "JES.

l. Background Di!erent kinds of systematic e!ects could be related to the modeling of the background. Un-
certainties on the shape of background templates are taken into account by the “Templates statistics” systematic
and, as it concerns the correction needed for the presence of signal in the pretag sample (section IVC) by the pseu-
doexperiments and calibration procedure, as described in section VIII A. The e!ects of the overall uncertainty on
the background normalization are included in the uncertainty from the likelihood fit, as being the average number of
background events a parameter of the fit itself. Anyway that parameter corresponds to the number of events in the
JES-sample, while the numbers for the Mtop-sample are derived from these. Infact in the likelihood function (sec-
tion VII) the signal and background acceptances, As and Ab, appear. The meaning of these variables are explained
in sections VI and VI A. For the background the values of Ab have rather large uncertainty, but in the likelihood
fit, as well as during the default PEs procedure, the values of A1 tag

b and A! 2 tags
b are kept constant to their central

values, i.e. 46.9% and 42.5% respectively, sectionVI A. We perform PEs changing the input values of Ab by ±1 " and
consider the shifts of M corr

top and "JEScorr with respect to the default to obtain !M syst
top (Background) ! 0.55 GeV/c2

and !"JESsyst (Background) ! 0.112 "JES.

m. Trigger The multijet trigger, used for the first online selection of tt̄ candidate events in the data, is simu-
lated on signal Monte Carlo events. Uncertainties on this simulation, possibly related to mismodeling of the energy
deposition in the calorimeters and/or changes of the trigger algorithms and requirements not faithfully reproduced in
the default Monte Carlo samples, are taken into account. Templates are built by events where the trigger simulation
has been modified and PEs performed drawing pseudo-data from them. Comparison to the default PEs leads to
uncertainties !M syst

top (Trigger) ! 0.20 GeV/c2 and !"JESsyst (Trigger) ! 0.042 "JES.

A. Total systematic uncertainty

Table II shows a summary of all the systematic uncertainties and their quadrature sum, which gives a total sys-
tematic uncertainty of 1.1GeV/c2 for the Mtop measurement and 0.3 "JES for the "JES, where the “residual bias”
uncertainty, depending on the statistical errors, is already evaluated at the values given by the measurement on the
data, described in section X.

X. THE TOP QUARK MASS MEASUREMENT

After the kinematic selections with Nout " 0.97 (Nout " 0.94), #2 (mrec
W ) # 2.0 (#2 (mrec

W ) # 3.0) and #2 (mrec
t ) #

3.0 (#2 (mrec
t ) # 4.0) for events with 1 tag (" 2 tags), we are left with 4368 and 2256 events in the JES-sample

and Mtop-sample with 1 tag respectively, and 1196 and 600 events in the corresponding samples with " 2 tags. The
expected background, corrected for the contribution due to tt̄ events amounts to 3652 ± 181 (1-tag JES-sample),
1712 ± 77 (1-tag Mtop-sample), 718 ± 14 (" 2-tag JES-sample), and 305 ± 22 (" 2-tag Mtop-sample) events. The
likelihood fit described in Sec. VII has been applied to the data samples to derive the best top quark mass and jet
energy scale displacement from the default value to be

Mfit
top = 172.45± 1.48 (stat + JES)GeV/c2

"JESfit = $0.038 ± 0.285 (stat + Mtop)"JES

Figure 11 shows the behavior of the likelihood as a function of the Mtop and "JES parameters and the contours
corresponding to variations of one, two and three standard deviations of the same parameters with respect to the
values maximizing the likelihood itself (before the calibration).
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Top mass combinations

In both di-lepton and ℓ+jets channel, the LHC mt measurements are 
competitive with the corresponding ones at the Tevatron 
Use BLUE for the CMS combination

Combination dominated by the ℓ+jets channel
Results very robust against changes in correlation values/categories

8

CMS-PAS-TOP-11-018 ATLAS-CONF-2011-15

full hadronic not shown
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Top-antitop mass difference
Test of CPT invariance in the top sector
Selection: 

One fully hadronic and one leptonic W decay
Use kinematic fit and event-by-event likelihood independently for lepton charges

World’s best result from CMS so far (statistically limited)
Consistent with SM and between lepton flavors
Systematic error on Dmt~270 MeV, dominated by W+/W- production difference
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6 6 The Ideogram method
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Figure 2: Panels (a) and (b) show the distributions in fitted top-quark mass for the smallest fit-
c2 values, which are given in (c) and (d), for the kinematic fits for `++jets and `�+jets events,
respectively. The simulation is normalized to the number of events observed in data. The last
bins include the contributions from overflow. The ratio of the number of observed events in
data to the number of events expected from simulation is shown at the bottom. The error band
corresponds to the systematic uncertainties related to jet energy scale, jet energy resolution,
background estimation and modeling of pileup.

probability that a jet combination has a wrong jet-to-quark assignment, which, summed over
all possibilities i in each event, yields:

Ptt(xmass; y | mt) =
12

Â
i=1

wi

✓
fgc

Z
dm0G(mi | m0, si)B(m0 | mt, Gt) + (1 � fgc)W(mi | mt)

◆
. (4)

The parameter fgc reflects the probability that the jet combination with highest weight wi (de-
fined below) corresponds to the correct jet-parton matching, as obtained from tt simulation,
separately for events with nb = 0, 1, and > 1. The probability for the correct jet combination
is defined by the convolution in Eq. (4) of a Gaussian resolution function G(mi | m0, si) and
a relativistic Breit-Wigner distribution B(m0 | mt, Gt). The width of the top quark Gt is fixed
to 2 GeV. The Gaussian function describes the mass resolution for each jet combination. It is
centered at the Breit-Wigner-distributed value of the top-quark mass (m0) and has a standard
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source.

Method calibration. The effect is evaluated for simulated tt events at a mass of 172.5 GeV,
showing a difference in mass bias between `++jets and `�+jets of �0.11± 0.14 GeV, which
is statistically compatible with no effect. This confirms our expectation that there is no
known effect in simulation that would lead to a difference in mass calibration between
the two channels. Based on this observation, the combined `+jets calibration is applied
both in the `++jets and the `�+jets channel. The statistical uncertainty on the calibration
of the mass difference is quoted as a systematic uncertainty of 0.14 GeV.

Parton distribution functions. The choice of parton distribution functions (PDF) can affect
Dmt, as they determine, for example, the difference in production of W+and W�, which
is the dominant source of background. The simulated samples are generated using the
CTEQ 6.6 PDF [36], for which the uncertainties can be described by 22 independent pa-
rameters. Up and down changes in these parameters result in 22 accompanying PDF
possibilities. Using a simulated sample of tt and background events, reweighted accord-
ing to the deviation of each PDF from its original form, the sum of the larger shift (“up” or
“down”) for each change in PDF is taken in quadrature, to define an estimated combined
uncertainty on Dmt of 88 MeV.

10 Summary

The mass difference between the top quark and the antitop quark, Dmt = mt � mt, is measured
with the Ideogram method using the `+jets tt event sample collected by the CMS experiment,
corresponding to an integrated luminosity of 4.96 ± 0.11 fb�1. This yields the result:

Dmt = �0.44 ± 0.46 (stat.) ± 0.27 (syst.) GeV

The measured value is in agreement with the consequence of CPT invariance, which requires
no mass difference between the top and antitop quarks. This is more precise by at least a factor
three than any of the previous measurements.
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W helicity in top decays
Measure angle u* between lepton in W rest frame and W momentum in top rest frame

ds/d(cosu*) reflects 3 possible W polarization states (longitudinal, left/right-handed)
• At NLO: F0 = 69%, FL = -31%, FR ≃ 0.2%

Sensitive to anomalous Wtb couplings
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1 Introduction

Discovered in 1995 by the CDF and DØ experiments [1, 2], the top quark is the heaviest known fun-
damental particle with a mass of 173.2 ± 0.9 GeV [3]. Measurements of top quark properties play an
important role in testing the Standard Model (SM) and its possible extensions. In particular, the study of
the structure of the Wtb-vertex is of key importance since it is intimately related to the dominant decay
channel of top quarks. This structure can be probed by measuring the polarisation ofW bosons produced
in top quark decays.

Top quarks are produced mainly in pairs via the strong interaction and are predicted to decay via the
electroweak interaction into aW boson and a bottom quark nearly 100% of the time. Events with tt̄ pairs
are classified according to the decay of the two produced W bosons. Each boson can either decay into a
pair of quarks or into a charged lepton and a neutrino. These single lepton and dilepton topologies, both
considered in the analyses presented in this note, have one and two charged leptons in the final state,
respectively. Only electrons and muons, including those from tau decays, are considered here.

The Wtb-vertex is defined by the electroweak interaction and has a (V ! A)-structure where V and
A are the vector and axial vector contributions to the vertex. As the W bosons are produced as real
particles in top decays, their polarisation can be longitudinal, left-handed or right-handed. The fractions
of events with a particular polarisation, F0, FL and FR, respectively, are referred to as helicity fractions
and are predicted in NNLO QCD calculations to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005, FR =

0.0017 ± 0.0001 [4]. These fractions can be extracted from measurements of the angular distribution
of the decay products of the top quark. The angle !" is defined as the angle between the momentum
direction of the charged lepton from the decay of the W boson and the reversed momentum direction of
the b-quark from the decay of the top quark, both boosted into the W boson rest frame. The di!erential
decay rate is

1

"

d"

d cos !"
=

3

8

!

1 + cos !"
"2 FR +

3

8

!

1 ! cos !"
"2 FL +

3

4

#

1 ! cos2 !"
$

F0 . (1)

All previous measurements of the helicity fractions, performed by the CDF [5] and DØ collaborations [6]
at the Tevatron, and the ATLAS collaboration at the LHC [7], are in agreement with SM predictions.

Information about the polarisation states of the W bosons can also be obtained by complementary
observables, such as the angular asymmetries, A+ and A!, defined as

A± =
N(cos !" > z) ! N(cos !" < z)

N(cos !" > z) + N(cos !" < z)
, (2)

with z = #(22/3 ! 1) for A± [7]. The asymmetries can be related to the helicity fractions by a simple
set of equations [8, 9]. In the SM, the NNLO values for these asymmetries are A+ = 0.537 ± 0.004 and
A! = !0.841 ± 0.006.

In e!ective field theory, dimension-six operators can be introduced which modify theWtb-vertex [10,
11, 12]. Coe#cients controlling the strength of these operators can be constrained by measurements of
the helicity fractions and of the angular asymmetries.

This note summarizes measurements of the Wtb-vertex structure based on a data set recorded with
the ATLAS detector in 2011 and corresponding to an integrated luminosity of 0.70 fb!1. The helicity
fractions were measured by comparing the observed cos !" distribution with templates of di!erent po-
larization of the W boson obtained from simulations. The angular asymmetries were calculated from
an unfolded cos !" spectrum corrected for background contributions. Limits on anomalous couplings,
generated by the aforementioned dimension-six operators, were set using the angular asymmetries. An
alternative measurement of the helicity fractions was performed as a crosscheck which used the unfolding
procedure described in [13].
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Figure 5: The cos(q⇤) distribution, from where the W helicity fractions are obtained. Simulated
samples are normalized according to the luminosity. The tt sample is additionally scaled by a
factor of about 10%.

FL, F0, FR is obtained by reweighting each MC event by the weight W(cos q⇤gen;~F):

W(cos q⇤gen;~F) ⌘ r(cos q⇤gen)

rSM(cos q⇤gen)
=

3
8

FL(1 � cos q⇤gen)
2 +

3
4

F0 sin2 q⇤gen +
3
8

FR(1 + cos q⇤gen)
2

3
8

FSM
L (1 � cos q⇤gen)

2 +
3
4

FSM
0 sin2 q⇤gen +

3
8

FSM
R (1 + cos q⇤gen)

2

(7)
where FSM

L , FSM
0 , FSM

R are the SM fractions that are present in the reference MC. The new distri-
bution takes automatically into account, by construction, all resolution and acceptance effects
predicted by the simulation.

The final fit to extract the measured polarization fractions is performed by implementing the
reweighting procedure in a minimization program. A Poisson likelihood function L(~F) is built,

L(~F) = ’
bin i

NMC(i;~F) Ndata(i)

(Ndata(i))!
exp (�NMC(i;~F)), (8)

using the number of observed Ndata(i) and expected NMC(i,~F) events in each cos(q⇤rec) bin i.
The number of expected events is given by:

NMC(i,~F) = NBKG(i) + Ntt(i;~F) (9)

Ntt(i;~F) = Ftt

"

Â
tt events, bin i

W(cos q⇤gen;~F)

#
(10)

NBKG(i) = NW+jets(i) + NDrell�Yan+jets(i) + NQCD(i) + NSingle�Top(i) (11)

Note also the presence of an overall normalization parameter for the tt component, Ftt, which
is not sensitive to the polarization fractions but absorbs a large fraction of the experimental
and theoretical systematic uncertainties on the predicted rates. Uncertainties on the normal-
ization of backgrounds are considered as a separate source of systematics. The final measured
fractions are the ones that maximize the likelihood function above. Special care must be taken
in reweighting methods to ensure that the statistical uncertainties on the MC prediction for
each bin are substantially smaller than the corresponding ones in data, taking also into account
degradations due to the presence of weights. This is certainly the case in the present analysis,
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Systematic check Fitting F0, FL and Ftt Fitting F0 and Ftt
3D fit 2D fit

± Uncertainty F0 ± Uncertainty FL ± Uncertainty F0

b-Tag (
eDATA

b�tag

eMC
b�tag

) 0.007 0.009 0.010

QCD Norm 0.007 0.002 0.003
Single-t Norm 0.003 0.007 0.010
DY Norm 0.018 0.003 0.010
W+jet Norm 0.020 0.006 0.029

muon (no eDATA
µ

eMC
µ

) 0.002 0.003 0.003
PDF 0.001 0.001 0.002
JES scale 0.018 0.011 0.005
top Q2 scale 0.014 0.007 0.021
DY,W Q2 scale 0.022 0.003 0.014
top mass (±3 GeV/c2) 0.019 0.021 0.025

Table 2: Summary of the systematic uncertainties, on the 3D fit analysis, fitting F0, FL and Ftt
(columns 2-3) and on the 2D fit analysis, fitting F0 and Ftt only (column 4). The numbers given
correspond to the absolute uncertainty with respect to the central analysis: (Fcentral � Fcheck).

6 Results
6.1 Helicity Fractions

The measurement of the W helicity fractions in semileptonic top pairs using fits to the cos(q⇤)
distribution yields:

F0 = 0.567 ± 0.074(stat.)± 0.047(syst.)
FL = 0.393 ± 0.045(stat.)± 0.029(syst.),

if the F0 and FL are fitted at the same time. The measurements are correlated, with a correlation
factor -0.94. The large correlation is due to the small value of FR preferred by the data. If we
change variables and use F0, FL � FR instead as fit parameters, the correlation is �33.5%.

The third fraction is fixed by the condition F0 + FR + FL = 1, giving:

FR = 0.040 ± 0.035 (stat.)± 0.044(syst.).

If the constraint FR = 0 is imposed on the fit, fitting only F0 yields:

F0 = 0.643 ± 0.034(stat.)± 0.050(syst.)

or, equivalently (FL = 1 � F0 for FR = 0):

FL = 0.357 ± 0.034 (stat.)± 0.050(syst.).

The two types of fits provide consistent measured fractions. All results are in agreement with
the predictions from the standard model.
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TABLE VI: The correlation coe!cients among the measure-
ments used in the combination for the MTD systematic un-
certainty.

f !+j
0,CDF f0,D0 f !!

0,CDF f !+j
+,CDF f+,D0 f !!

+,CDF

f !+j
0,CDF 1.0 0.0 0.0 !1.0 0.0 0.0
f0,D0 0.0 1.0 0.0 0.0 !1.0 0.0
f !!
0,CDF 0.0 0.0 1.0 0.0 0.0 !1.0
f !+j
+,CDF !1.0 0.0 0.0 1.0 0.0 0.0
f+,D0 0.0 !1.0 0.0 0.0 1.0 0.0
f !!
+,CDF 0.0 0.0 !1.0 0.0 0.0 1.0

TABLE VII: The correlation coe!cients among the measure-
ments used in the combination for the DET and MHI system-
atic uncertainties.

f !+j
0,CDF f0,D0 f !!

0,CDF f !+j
+,CDF f+,D0 f !!

+,CDF

f !+j
0,CDF 1.0 0.0 1.0 !1.0 0.0 !1.0
f0,D0 0.0 1.0 0.0 0.0 !1.0 0.0
f !!
0,CDF 1.0 0.0 1.0 !1.0 0.0 !1.0
f !+j
+,CDF !1.0 0.0 !1.0 1.0 0.0 1.0
f+,D0 0.0 !1.0 0.0 0.0 1.0 0.0
f !!
+,CDF !1.0 0.0 !1.0 1.0 0.0 1.0

The contribution from each category of systematic un-
certainty is shown in Table VIII. The combination has
a !2 value of 8.86 for four degrees of freedom, corre-
sponding to a p-value of 6% for consistency among the
input measurements. The combined values of f0 and f+
have a correlation coe!cient of !0.86. The consistency
of each input measurement with the combined value and
the weight that each input measurement contributes to
the combined result are given in Table IX. In some cases,
the weights have negative values, which can occur in the
presence of correlated uncertainties when the most likely
value of the observable lies outside of the range of the in-
put measurements [6] or, in the case of simultaneous mea-
surements of correlated quantities, when negative weights
are needed to satisfy the normalization condition that the
weights sum to unity [5]. Contours of constant !2 in the
f0 and f+ plane are shown in Fig. 1. The SM values for
the helicity fractions lie within the 68% C.L. contour of
probability.

TABLE VIII: The contribution from each category of system-
atic uncertainty in the combined measurements.

Category 2D combination 1D combination
!f0 !f+ !f0 !f+

JES 0.007 0.012 0.018 0.014
SIG 0.038 0.022 0.036 0.021
BGD 0.028 0.013 0.012 0.009
MTD 0.014 0.008 0.007 0.006
MTOP 0.007 0.010 0.012 0.010
DET 0.016 0.003 0.011 0.007
MHI 0.001 0.0004 0.002 0.002

TABLE IX: The number of standard deviations of each 2D
measurement from the combined values of f0 and f+, and the
relative weight contributed by each to the combination.

Measurement s.d. from Weight for Weight for
combined values f0 (%) f+ (%)

f2D,!+j
0,CDF 1.96 44.4 !15.4
f2D
0,D0 !0.87 45.6 8.1
f2D,!!
0,CDF !0.12 10.1 7.2

f2D,!+j
+,CDF !2.10 27.9 !3.6
f2D
+,D0 2.06 !22.0 75.9
f2D,!!
+,CDF !0.62 !5.9 27.7

Combining the 1D measurements yields:

f0 = 0.682± 0.057 (4)

[± 0.035 (stat.)± 0.046 (syst.)],

f+ = !0.015± 0.035

[± 0.018 (stat.)± 0.030 (syst.)].

The contribution of each category of systematic un-
certainty is shown in Table VIII. The combination for
f0 (f+) has a !2 of 2.12 (4.44) for two degrees of free-
dom, corresponding to a p-value of 35% (11%) for consis-
tency among the input measurements. The consistency
of each input measurement with the combined value and
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FIG. 1: Contours of constant "2 for the combination of the 2D
helicity measurements. The ellipses indicate the 68% and 95%
C.L. contours, the dot shows the best-fit value, and the star
marks the expectation from the SM. The input measurements
to the combination are represented by the open circle, square,
and triangle, with error bars indicating the 1# uncertainties
on f0 and f+. Each of the input measurements uses a central
value of mt = 172.5 GeV/c2.
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Figure 4. Distributions of the reconstructed cos !! used in the template method for data (markers),
fitted background (dotted line), the Standard Model prediction (dashed line) and the best fit value
(solid line) for the (left) single-lepton and (right) dilepton channels. The total uncertainties on the
helicity fractions for the best fit values are represented by the grey band. For the dilepton channels,
each event contributed with two entries, corresponding to the two leptonic decays of the W bosons.

template method as well as the Standard Model expectations. Figure 5 shows the distribu-

tion of cos !! in the single-lepton and dilepton channels after the background subtraction

and the correction for detector and reconstruction e!ects as used by the asymmetry method

as well as the Standard Model expectations.

The combination of the individual measurements of the W boson helicity fractions (F0

and FL) and asymmetries (A+ and A") in the single-lepton and dilepton channels was

done using the best linear unbiased estimator (BLUE) method [53, 54]. The impact of the

systematic uncertainties described in Section 5 was studied and the results are summarized

in Table 4, which also gives the combination of all channels for each method. The results

are compatible with each other and with the final combination. In addition, the template fit

was repeated with FR fixed to zero3. With the precision of the current measurements, this

di!ers negligibly from the Standard Model value, and also follows the approach suggested

in Ref [13]. The results can also be found in Table 4.

The results for the angular asymmetries from the single-lepton channels are A+ =

0.52 ± 0.02 (stat.) ± 0.03 (syst.) and A" = !0.84 ± 0.01 (stat.) ± 0.02 (syst.) whereas the

results for the dilepton channels are A+ = 0.56 ± 0.02 (stat.) ± 0.04 (syst.) and A" =

!0.84 ± 0.02 (stat.) ± 0.04 (syst.).

Most of the measurements and the combined result are limited by systematic uncer-

tainties. The largest sources of uncertainty are the signal and background modelling, as

well as the jet energy scale and jet reconstruction. The template fits are more sensitive

3In the evaluation of the angular asymmetries no assumption is made for the helicity fractions, so it is

not possible to fix FR to zero.
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tainties, were taken into account. The statistical correlations were estimated to be between

40% and 49% for the single-lepton channels and between 83% and 89% for the dilepton

channels using pseudo-experiments obtained from simulated samples. The background-

related systematic uncertainties were assumed to be fully correlated within single-lepton

channels and within dilepton channels, but uncorrelated between single-lepton and dilep-

ton measurements. The only exception is the uncertainty due to misidentified lepton back-

ground which depends on the lepton flavour and thus belongs to the group of lepton-related

uncertainties, which were assumed to be fully correlated between the channels with same

flavour leptons. The method systematic uncertainties were assumed to be uncorrelated

between channels and the remaining sources of systematic uncertainty were assumed to be

fully correlated between channels. Various tests were performed in which the correlations

among the sources of systematic uncertainty were varied. It was found that the values

assumed for the correlations were conservative. The systematic uncertainties on the com-

bined values are summarized in Table 3. The four measurements of the helicity fractions

and the combined values are shown in Table 4 and Figure 6.

The individual measurements agree reasonably well within their total uncertainties.

The !2/dof for the global combination of the template fit and asymmetries measurements

was 0.8 with a !2-probability of 75%, where dof is the number of degrees of freedom. The

largest di!erence between two measurements is that between the single-lepton and dilepton

channels obtained with the template method. Since the measurements were performed in

five independent channels (single electron, single muon, ee, eµ and µµ), the combination

was performed based on the five individual measurements taking into account all correla-

tions. The !2/dof calculated using the BLUE method for this combination was 1.3 with

a !2-probability of 23%.

The combined W boson helicity fractions are:

F0 = 0.67 ± 0.03 (stat.) ± 0.06 (syst.) ,

FL = 0.32 ± 0.02 (stat.) ± 0.03 (syst.) ,

FR = 0.01 ± 0.01 (stat.) ± 0.04 (syst.) .

The correlation coe"cient between F0 and FL was estimated to be!0.96. For completeness,

these results can be translated into angular asymmetries, yielding A+ = 0.53 ± 0.02 and

A! = !0.84± 0.02.

An alternative analysis, based on requiring two b-tagged jets to further suppress the

W+jets background and events with misidentified leptons, was used to measure the helicity

fractions in the single-lepton channels as a cross-check. The observed cos "" distributions

were corrected by subtracting the expected background contributions and were unfolded

using correction functions in an iterative method similar to the one used in the measurement

of the angular asymmetries described in Section 4.2. The results were found to be in

agreement with the single-lepton measurements presented in this paper.

6.2 Constraints on the Wtb vertex structure

Any deviation of F0, FL, FR (or A+ and A!) from the Standard Model prediction could be

caused by new physics contributing to the Wtb vertex. Such new interactions associated
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Figure 7. Allowed regions at 68% and 95% confidence level (CL) for the Wtb anomalous couplings
gL and gR. In the Standard Model, the anomalous couplings vanish at tree level [59].

Re (VR) ! ["0.20, 0.23] #
Re (C33

!!)

!2
! ["6.7, 7.8] TeV!2 ,

Re (gL) ! ["0.14, 0.11] #
Re (C33

dW )

!2
! ["1.6, 1.2] TeV!2 ,

Re (gR) ! ["0.08, 0.04] #
Re (C33

uW )

!2
! ["1.0, 0.5] TeV!2 .

The considered W boson helicity observables also allow a second region for gR when the

remaining anomalous couplings vanish: Re (gR) ! [0.75, 0.80] at 95% confidence level.

It should be noticed, however, that such large coupling values would imply a single top

production cross-section value disfavored by the Tevatron measurements [17, 57, 58]. Using

a Bayesian approach [60], the measurement of the W boson helicity fractions with FR

fixed at zero, was translated into a 95% probability interval on Re (C33
uW )/!2, as proposed

in Ref.[13]. This interval was found to be ["0.9, 2.3] TeV!2.

It can be seen that the limits on C33
dW (mediating the production of right-handed b-

quarks in the top decay) are of the same order of magnitude as the limits on C33
uW (involving

left-handed quarks). This reflects a good sensitivity to the e"ective operator corresponding

to C33
dW , even if its contribution is suppressed by 1/!2 instead of 1/! [61].

These limits are more stringent than those obtained by the DØ Collaboration [58,

62]4. Indirect, model-dependent limits on the anomalous couplings have been inferred from

measurements of radiative B-meson decays, measurements of BB̄-mixing and electroweak

4The limits from the DØ Collaboration were derived assuming a massless b-quark.
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Wtb coupling and new physics
Helicity fractions constrain anomalous couplings and new physics operators

12

1

1 Introduction
The top quark is the heaviest quark in the standard model (SM), and it decays predominantly
to a W boson and a b quark. The top quark couplings, inferred from kinematic distributions in
top quark decays, may exhibit signs of physics beyond the SM. Since the top quark discovery
in proton-antiproton collisions at the Tevatron collider, measurements of the helicity fraction
of the W in top semileptonic decays t ! Wb, W ! `n, where ` is a muon or electron, have
shown the expected values from the V � A structure of the weak charged current. Within
the experimental uncertainties, measurements by the CDF [1] and D0 [2] collaborations have
shown good agreement with the SM.

With the large samples of tt̄ events produced in proton-proton collisions at the Large Hadron
Collider, the W helicity fraction measurements can be improved, enhancing the search for
anomalous Wtb couplings, i.e., those that do not arise from the SM.

In the SM, the helicity of the W produced in a t ! Wb decay may be longitudinal, left- or right-
handed. The helicity fractions are defined as the partial rate for a given helicity state divided by
the total decay rate: FL,R,0 ⌘ GL,R,0/G, where FL, FR, and F0 are the left-handed, right-handed,
and longitudinal helicity fractions, respectively. For SM couplings, the helicity fractions are
approximately 70% longitudinal and 30% left-handed (negative). The right-handed (positive)
helicity fraction is zero at leading order due to helicity suppression in the mb = 0 limit, where
mb is the b quark mass. For the finite mb, the helicity fractions are [3] :

F0 =
(1 � y2)2 � x2(1 + y2)

(1 � y2)2 + x2(1 � 2x2 + y2)
(1)

FL =
x2(1 � x2 + y2 +

p
l)

(1 � y2)2 + x2(1 � 2x2 + y2)
(2)

FR =
x2(1 � x2 + y2 �p

l)
(1 � y2)2 + x2(1 � 2x2 + y2)

(3)

where x = MW/mt , y = mb/mt, l = 1 + x4 + y4 � 2x2y2 � 2x2 � 2y2 and MW , mt are the
masses of the W boson and t quark respectively. Following Ref. [2], using MW = 80.399 GeV,
mt = 173.3 GeV, and taking mb = 5 GeV, computation of the helicity fractions gives at leading
order (LO): F0 = 0.70, FL = 0.30, FR < 0.001. These fractions are minimally modified by higher
order corrections. At NLO/NNLO, the predicted fractions are F0 = 0.69, FL = 0.31, FR '
0.002 [3, 4], to be trusted at the sub-percent level of precision (in absolute value) once a top
mass is assumed.

Experimentally, the W helicity is measured through the study of angular distributions of top
decay products. The helicity angle q⇤ is defined as the angle between the charged lepton three-
momentum in the W rest frame and the W momentum in the top rest frame. The cos q⇤ distri-
bution has a dependence given by:

1
G

dG
d cos q⇤

=
3
8
(1 � cos q⇤)2 FL +

3
8
(1 + cos q⇤)2 FR +

3
4

sin2 q⇤F0. (4)

By construction, the sum of the helicity fractions is exactly one.

Deviations of the measured polarization fractions from the SM predictions can be interpreted
in terms of anomalous Wtb couplings [5, 6]:

LWtb = � gp
2

b̄gµ(VLPL + VRPR)tW�
µ � gp

2
b̄

isµnqn

MW
(gLPL + gRPR) t W�

µ + H.c. (5)

=Vtb≃1 in SM: VR=gL=gR=0
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Figure 6: Limits on the real components of the anomalous couplings gL, gR at 68 and 95% CL,
for VL = 1 and VR = 0.

6.2 Limits on anomalous couplings

The measured fractions can be used to set limits on anomalous Wtb couplings. We assume the
minimal parametrization of the Wtb vertex suggested in Refs. [5, 6] as described in the intro-
duction. We have considered two specific scenarios. First, we have assumed VL = 1, VR =
gL = 0 and left Re(gR) as a free parameter. This CP-conserving scenario is particularly inter-
esting because indirect constraints to gR from radiative B-meson decay measurements are poor
(Re(gR) 2 [�0.15,+0.57] [20]). A specific feature of this scenario is that it does not provide any
contribution to the right-handed polarization of the W, FR. Our fit yields:

Re(gR) = �0.070 ± 0.053 (stat.)+0.073
�0.081(syst.),

which is consistent with the SM expectations within the quoted uncertainties. In this result
we have omitted another minimum of the fit closer to the Re(gR) ⇡ 0.8 region, since such a
large value would lead to an increase of almost a factor of 3 in the single-top cross section [21]
that is not consistent with current CMS measurements. In terms of the effective dimension-six
Lagrangian O33

uW defined in Refs. [5, 6] we obtain the equivalent result:

Re(C33
uW)/L2 = �0.813 ± 0.615 (stat.)+0.847

�0.951(syst.) TeV�2.

Our second scenario leaves free the possibility of observing a non-zero value for FR. Again
we assume a CP-conserving scenario choosing Re(gL) and Re(gR) as free parameters of the fit.
Results are presented in Fig. 6. It shows the regions of the Re(gL), Re(gR) plane allowed at 68
and 95 % CL. Again, an allowed region near Re(gL) = 0 and Re(gR) � 0, strongly disfavored
by CMS single-top measurements is not shown.

6.3 Conclusions and summary

We have measured the W polarization in top pair events decaying semileptonically in the
muon+jets channel. The measured W helicity fractions are in agreement with the predictions
from the standard model.

The helicity fractions are also consistent with previous measurements performed at the Teva-
tron [1, 2] and at the LHC by ATLAS Collaboration [22], at similar precision.

Minimum at Re(gR)≃0.8
inconsistent with single top 
cross section measurement
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6.2 Limits on anomalous couplings

The measured fractions can be used to set limits on anomalous Wtb couplings. We assume the
minimal parametrization of the Wtb vertex suggested in Refs. [5, 6] as described in the intro-
duction. We have considered two specific scenarios. First, we have assumed VL = 1, VR =
gL = 0 and left Re(gR) as a free parameter. This CP-conserving scenario is particularly inter-
esting because indirect constraints to gR from radiative B-meson decay measurements are poor
(Re(gR) 2 [�0.15,+0.57] [20]). A specific feature of this scenario is that it does not provide any
contribution to the right-handed polarization of the W, FR. Our fit yields:

Re(gR) = �0.070 ± 0.053 (stat.)+0.073
�0.081(syst.),

which is consistent with the SM expectations within the quoted uncertainties. In this result
we have omitted another minimum of the fit closer to the Re(gR) ⇡ 0.8 region, since such a
large value would lead to an increase of almost a factor of 3 in the single-top cross section [21]
that is not consistent with current CMS measurements. In terms of the effective dimension-six
Lagrangian O33

uW defined in Refs. [5, 6] we obtain the equivalent result:

Re(C33
uW)/L2 = �0.813 ± 0.615 (stat.)+0.847

�0.951(syst.) TeV�2.

Our second scenario leaves free the possibility of observing a non-zero value for FR. Again
we assume a CP-conserving scenario choosing Re(gL) and Re(gR) as free parameters of the fit.
Results are presented in Fig. 6. It shows the regions of the Re(gL), Re(gR) plane allowed at 68
and 95 % CL. Again, an allowed region near Re(gL) = 0 and Re(gR) � 0, strongly disfavored
by CMS single-top measurements is not shown.

6.3 Conclusions and summary

We have measured the W polarization in top pair events decaying semileptonically in the
muon+jets channel. The measured W helicity fractions are in agreement with the predictions
from the standard model.

The helicity fractions are also consistent with previous measurements performed at the Teva-
tron [1, 2] and at the LHC by ATLAS Collaboration [22], at similar precision.

taking only one of them non-zero at a time. These are, at 95% confidence level (CL):

ReVR ! ["0.34, 0.39]#
Re (C33

!!)

!2
! ["11.2, 12.7] TeV"2 ,

Re gL ! ["0.20, 0.16]#
Re (C33

dW
)

!2
! ["2.28, 1.90] TeV"2 ,

Re gR ! ["0.19, 0.13]#
Re (C33

uW)

!2
! ["2.27, 1.57] TeV"2 .

These limits improve those obtained by the DØ Collaboration [56, 57] assuming VL = 1 and ne-
glecting the mass of the b-quark. Furthermore, indirect, model-dependent limits on the anomalous cou-
plings [58, 59] have been inferred from measurements of radiative B-meson decays and measurements
of BB̄-mixing [60], but these limits include assumptions on the absence of other new physics couplings
to the b-quark that were not made in this analysis.

7.3.2 Constraints fromW helicity fractions

The W helicity fractions measured with the template method with FR fixed to zero were used to obtain
constraints on one of the operator coe"cients described above, C33

uW , but in the context of [12], which
contains the leading correction to the W helicity fractions. This operator involves a left-handed b-quark,
and thus it does not modify FR, which can be consistently taken as zero in the fits. The resulting cen-
tral 95% probability interval on the coe"cient of the operator, C33

uW , was calculated using a Bayesian
approach [61] and found to be in agreement with zero:

Re(C33
uW)

!2
! ["3.45, 1.80] TeV"2.

Figure 3 shows the prior and posterior probabilities obtained from the fit. The estimated limits are more
stringent than those estimated from earlier measurements by the ATLAS collaboration [7].

8 Conclusions

Ameasurement of the polarization of theW bosons in top quark decays was presented, based on 0.70 fb"1

of data collected with the ATLAS detector in 2011. The single lepton and dilepton channel decay topolo-
gies were considered in the analysis.

The helicity fractions obtained from a combined fit in the single lepton channels are

F0 = 0.57 ± 0.07 (stat.) ± 0.09 (syst.) ,
FL = 0.35 ± 0.04 (stat.) ± 0.04 (syst.) ,
FR = 0.09 ± 0.04 (stat.) ± 0.08 (syst.) .

A combination of the measurements in the single lepton and dilepton channels with the right-handed
fraction set to zero yields:

F0 = 0.75 ± 0.08 (stat.+syst.) ,
FL = 0.25 ± 0.08 (stat.+syst.) .

No significant deviations from NNLO QCD predictions were observed, which supports the model of a
pure (V " A)-structure of the Wtb-vertex. These results are compatible and have similar precision to the
previous results obtained by the DØ and CDF Collaborations [5, 6, 62].
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gL and gR. In the Standard Model, the anomalous couplings vanish at tree level [59].

Re (VR) ! ["0.20, 0.23] #
Re (C33

!!)

!2
! ["6.7, 7.8] TeV!2 ,

Re (gL) ! ["0.14, 0.11] #
Re (C33

dW )

!2
! ["1.6, 1.2] TeV!2 ,

Re (gR) ! ["0.08, 0.04] #
Re (C33

uW )

!2
! ["1.0, 0.5] TeV!2 .

The considered W boson helicity observables also allow a second region for gR when the

remaining anomalous couplings vanish: Re (gR) ! [0.75, 0.80] at 95% confidence level.

It should be noticed, however, that such large coupling values would imply a single top

production cross-section value disfavored by the Tevatron measurements [17, 57, 58]. Using

a Bayesian approach [60], the measurement of the W boson helicity fractions with FR

fixed at zero, was translated into a 95% probability interval on Re (C33
uW )/!2, as proposed

in Ref.[13]. This interval was found to be ["0.9, 2.3] TeV!2.

It can be seen that the limits on C33
dW (mediating the production of right-handed b-

quarks in the top decay) are of the same order of magnitude as the limits on C33
uW (involving

left-handed quarks). This reflects a good sensitivity to the e"ective operator corresponding

to C33
dW , even if its contribution is suppressed by 1/!2 instead of 1/! [61].

These limits are more stringent than those obtained by the DØ Collaboration [58,

62]4. Indirect, model-dependent limits on the anomalous couplings have been inferred from

measurements of radiative B-meson decays, measurements of BB̄-mixing and electroweak

4The limits from the DØ Collaboration were derived assuming a massless b-quark.
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Spin correlations
Top pair spin correlations may be modified by NP leaving cross section unaltered

Examples: top production via Higgs exchange, t→H+b

14

A =
N(!!) +N("")#N(!")#N("!)
N(!!) +N("") +N(!") +N("!)

.

3

The event selection rejects Z/!!+jets events with low
invariant mass and those with invariant mass near the
Z-boson mass. However Z/!!+jets events with an e+e"

or µ+µ" invariant mass outside of these regions can en-
ter the signal sample when there is large Emiss

T , typi-
cally from mismeasurement. These events are di!cult to
properly model in simulations due to uncertainties on the
non-Gaussian tails of the Emiss

T distribution, on the cross
section for Z-boson production with multiple jets, and on
the lepton energy resolution. The Z/!!+jets background
in dielectron and dimuon events is evaluated using a data-
driven (DD) technique in which the MC simulation yield
of Z/!!+jets events is normalized to the data using a
control region defined by a dilepton invariant mass within
10 GeV of the Z-boson mass [38].
The backgrounds from events with misidentified (fake)

leptons, primarily from W+jets events, are evaluated
from data using a matrix method [41]. The matrix
method makes use of the e!ciency of real lepton identi-
fication and rate of lepton misidentification measured in
several control regions, which are chosen to be enhanced
in di"erent sources of fake leptons [38]. Contributions
from real leptons due to W+jets events in the fake lep-
ton control region are subtracted using MC simulation.
Comparisons of data and MC simulation in control re-
gions are used to tune the rates to the expected signal
region composition. The fake lepton yield is then esti-
mated by weighting each event in a sample containing
one or two loosely-identified leptons.

The contributions from other electroweak background
processes with two real leptons, such as single top, Z !
"" , WW , ZZ and WZ production are determined from
MC simulations normalized to the theoretical predic-
tions. The expected numbers of signal and background
events are compared to data in Table I. The number
of observed events in each channel is: 477 for the e+e"

channel, 906 for the µ+µ" channel and 2930 for the e±µ#

channel, which dominates the total yield due to the looser
selection criteria.

TABLE I. Observed dilepton yield in data and the expected
signal and background composition from MC and DD sam-
ples. Systematic uncertainties are included.

Z/!!(! e+e"/µ+µ")+jets (MC+DD) 64+11
"16

Z/!!(! "" )+jets (MC) 175 ± 29

Fake leptons (DD) 160+140
"70

Single top (MC) 197 ± 21

Diboson (MC) 148 ± 20

Total (non-tt̄) 740+150
"80

tt̄ (MC) 3530+280
"340

Total expected 4270+320
"350

Observed 4313

A binned log-likelihood fit is used to extract the spin
correlation from the ## distribution in data. The fit in-
cludes a linear superposition of the distribution from SM
tt̄ MC simulation with coe!cient fSM, and from the un-
correlated tt̄ MC simulation with coe!cient (1 " fSM).
The e+e", µ+µ" and e±µ# channels are fitted simulta-
neously with a common value of fSM, a tt̄ normalization
that is allowed to vary (per channel) and a fixed back-
ground normalization. The fitted tt̄ normalizations are in
agreement with the theoretical prediction of the produc-
tion cross section [42]. Negative values of fSM correspond
to an anti-correlation of the top and antitop quark spins.
A value of fSM = 0 implies that the spins are uncorre-
lated and values of fSM > 1 indicate a larger strength of
the tt̄ spin correlation than predicted by the SM. The ex-
traction of fSM using the fitting procedure has been ver-
ified over a wide range of possible values, "1 # fSM # 2,
using MC simulation pseudo-experiments with full detec-
tor simulation.
Figure 2 shows the reconstructed ## distribution for

the sum of the three dilepton channels in data. SM and
uncorrelated tt̄ MC samples are overlaid along with the
expected backgrounds.
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FIG. 2. Reconstructed charged lepton !# distribution for
the sum of the three dilepton channels. The integrated num-
ber of events for both the SM and the uncorrelated tt̄ samples
is fixed to the value from the fit. MC background samples are
normalized using their predicted cross sections and the DD
method in the case of Z/!!+jets. The fake lepton background
is evaluated from data.

Systematic uncertainties are evaluated by applying the
fit procedure to pseudo-experiments created from MC
samples modified to reflect the systematic variations.
The fit of fSM is repeated to determine the e"ect of each
systematic uncertainty using the nominal templates. The
di"erence between the means of Gaussian fits to the re-
sults from many pseudo-experiments using nominal and
modified pseudo-data is taken as the systematic uncer-

mm+ee+em

fSM

(1-fSM)
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tainty is calculated by combining all systematic uncer-
tainties in quadrature.

TABLE II. Summary of the e!ect of statistical and systematic
uncertainties on the measured value of fSM for the combined
fit.

Uncertainty source "fSM

Data statistics ±0.14
MC simulation template statistics ±0.09

Luminosity ±0.01
Lepton ±0.01

Jet energy scale, resolution and e#ciency ±0.12
NLO generator ±0.08

Parton shower and fragmentation ±0.08
ISR/FSR ±0.07

PDF uncertainty ±0.07
Top quark mass ±0.01
Fake leptons +0.16/!0.07

Calorimeter readout ±0.01

All systematics +0.27/!0.22
Statistical + Systematic +0.30/!0.26

The measured value of fSM for the combined fit is
found to be 1.30 ± 0.14 (stat) +0.27

!0.22 (syst). This can
be used to obtain a value for Ameasured

basis by applying it
as a multiplicative factor to the NLO QCD prediction of
Abasis using Ameasured

basis = ASM
basis ·fSM, where the subscript

‘basis’ indicates a chosen spin basis [9]. For the helicity
basis this results in Ahelicity = 0.40 ± 0.04 (stat) +0.08

!0.07
(syst), and for the maximal basis Amaximal = 0.57± 0.06
(stat) +0.12

!0.10 (syst), where the SM predictions are 0.31 and
0.44 respectively. MC simulation pseudo-experiments in-
cluding systematic uncertainties are used to calculate the
probability that a value of fSM or larger is measured us-
ing the assumption of fSM = 0. For the observed limit
the value of fSM measured in data is used and for the ex-
pected limit a value of fSM = 1 is used. The hypothesis
of zero tt̄ spin correlation is excluded with a significance
of 5.1 standard deviations. The expected significance is
4.2 standard deviations.
In conclusion, the first measurement of tt̄ spin corre-

lation at the LHC has been presented using 2.1 fb!1 of
ATLAS data in the dilepton decay topology. A template
fit is performed to the !! distribution and the measured
value of fSM = 1.30± 0.14 (stat) +0.27

!0.22 (syst) is consistent
with the SM prediction. The data are inconsistent with
the hypothesis of zero spin correlation with a significance
of 5.1 standard deviations.
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Abstract

A measurement of spin correlation in tt̄ production is reported using data collected with the ATLAS
detector at the LHC, corresponding to an integrated luminosity of 2.1 fb!1. Candidate events are se-
lected in the dilepton topology with large missing transverse energy and at least two jets. The differ-
ence in azimuthal angle between the two charged leptons in the laboratory frame is used to extract
the correlation between the top and antitop quark spins. In the helicity basis the measured degree of
correlation corresponds to Ahelicity = 0.40+0.09

!0.08, in agreement with the next-to-leading-order Standard
Model prediction. The hypothesis of zero spin correlation is excluded at 5.1 standard deviations.

2

the !! distribution. The fit result is converted into a
value of A in two bases: the helicity basis, using the di-
rection of flight of the top quark in the center-of-mass
frame of the tt̄ system [29, 30], and the maximal basis
which is optimized for tt̄ production from gg fusion, as
described in Ref. [10]. In the helicity basis the SM cor-
relation coe"cient is calculated to be ASM

helicity = 0.31 [7],

and in the maximal basis ASM
maximal = 0.44, evaluated at

matrix-element level using MC@NLO. Theoretical uncer-
tainties due to the variation of factorization and renor-
malization scales and due to PDFs are of the order of 1%
including next-to-leading-order (NLO) QCD corrections
in tt̄ production and top quark decay [20].
The ATLAS detector [31] at the LHC covers nearly the

entire solid angle around the collision point. It consists
of an inner tracking detector (ID) covering |"| < 2.5 and
comprising a silicon pixel detector, a silicon microstrip
detector and a transition radiation tracker. The ID is
surrounded by a thin superconducting solenoid provid-
ing a 2 T magnetic field, followed by a liquid argon
electromagnetic sampling calorimeter (LAr) with high
granularity. An iron-scintillator tile calorimeter provides
hadronic energy measurements in the central rapidity
region (|"| < 1.7). The end-cap and forward regions
are instrumented with LAr calorimeters for both electro-
magnetic (EM) and hadronic energy measurements up
to |"| < 4.9. The calorimeter system is surrounded by
a muon spectrometer (MS) with high-precision tracking
chambers covering |"| < 2.7 and separate trigger cham-
bers. The magnetic field is provided by a barrel and
two end-cap superconducting toroid magnets. A three-
level trigger system is used to select events with high-pT
leptons for this analysis. The first-level trigger is imple-
mented in hardware and uses a subset of the detector
information to reduce the trigger rate to 75 kHz. This
is followed by two software-based trigger levels that to-
gether reduce the event rate to 200! 400 Hz.
This analysis uses collision data with a center-of-mass

energy of
"
s = 7 TeV recorded between March 22 and

August 22, 2011, corresponding to an integrated lumi-
nosity of 2.1 fb!1. The luminosity is given with an un-
certainty of 3.7% [32, 33].
Monte Carlo (MC) simulation samples are used to eval-

uate the contributions, and shapes of distributions of
kinematic variables, for signal tt̄ events and background
processes not evaluated from complementary data sam-
ples. All MC samples are processed with the GEANT4 [34]
simulation of the ATLAS detector [35] and are passed
through the same analysis chain as data. The simula-
tion includes multiple pp interactions per bunch crossing
(pile-up). Events are weighted such that the distribution
of the average number of interactions per bunch cross-
ing matches that observed in data. The mean number
of pile-up interactions varies between 5.7 and 7.1 for the
di#erent data-taking periods.
Samples with SM spin correlation and without

spin correlation are generated using MC@NLO with the
CTEQ6.6 PDF set and a top quark mass of 172.5 GeV.
In both cases the events are hadronized using the HERWIG
shower model [36, 37]. Within the statistical uncertainty
of the MC generation the yields of the SM tt̄ and uncor-
related tt̄ samples are the same. The background MC
samples are described in Ref. [38].
Candidate events are selected in the dilepton topol-

ogy. Channels with # leptons are not explicitly consid-
ered, but reconstructed leptons can arise from leptonic #
decays and are included in the signal MC samples. The
full object and event selection is discussed in Ref. [38];
therefore only a brief overview is given here. The analy-
sis requires events selected online by an inclusive single-
lepton trigger (e or µ). The detailed trigger requirements
vary throughout data-taking, but the pT threshold en-
sures that the triggered lepton candidate is in the ef-
ficiency plateau. Electron candidates are reconstructed
using energy deposits in the EM calorimeter associated
to reconstructed tracks of charged particles in the ID.
Muon candidate reconstruction makes use of tracking in
the MS and ID. Jets are reconstructed with the anti-kt
algorithm [39] with a radius parameter R = 0.4, starting
from energy clusters of adjacent calorimeter cells. The
symbolEmiss

T is used to denote the magnitude of the miss-
ing transverse momentum [40]. The following kinematic
requirements are made:

• Electron candidates are required to have pT >
25 GeV and |"| < 2.47, excluding electrons from the
transition region between the barrel and end-cap
calorimeters defined by 1.37 < |"| < 1.52. Muon
candidates are required to have pT > 20 GeV and
|"| < 2.5. Events must have exactly two oppositely-
charged lepton candidates (e+e!, µ+µ!, e±µ").

• Events must have at least two jets with pT >
25 GeV and |"| < 2.5.

• Events in the e+e! and µ+µ! channels are required
to have m!! > 15 GeV to ensure compatibility with
the MC samples and remove contributions from $
and J/$ production.

• Events in the e+e! and µ+µ! channels must satisfy
Emiss

T > 60 GeV to suppress backgrounds from
Z/%#+jets and W+jets events. In addition, m!!

must di#er by at least 10 GeV from the Z-boson
mass (mZ = 91 GeV) to further suppress the
Z/%#+jets background.

• For the e±µ" channel, no Emiss
T or m!! cuts are ap-

plied. In this case, the remaining background from
Z/%#(# ##)+jets production is further suppressed
by requiring that the scalar sum of the pT of all
selected jets and leptons is greater than 130 GeV.

(MC@NLO)
Inconsistent with zero spin hypothesis at 5s level

ATLAS:  2 leptons + 2 jets
Fit to difference in azimuthal angle between leptons Df
No need for full top quark reconstruction
Dominant systematics: Jet energy scale, resolution and efficiency, fake leptons

ATLAS: arXiv:1203.4081

Degree of correlation

(measured)
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requirements, the normalization of background, the lumi-
nosity, MC modeling, and the determination of multijet
background.We also include an uncertainty on the shape of
the templates varying each template bin within its statisti-
cal uncertainty.

MC pseudoexperiments for different values of f are used
to estimate the expected uncertainty on fmeas, based on the
maximum-likelihood fits that provide the dependence of f
on fmeas. The ordering principle for ratios of likelihoods
[29] is applied to the distributions of f and fmeas, without
constraining fmeas to the physically allowed region. From a
total of 729 events in the ‘! jets channels with a t!t signal
purity of 90%, we obtain fmeas " 1:15!0:42

#0:43$stat! syst%
and can exclude values of f < 0:420 at the 95% C.L.
Since the samples of dilepton [9] and ‘! jets final states
are statistically independent, results from the two channels
can be combined by adding the logarithms of the likelihood
functions and repeating the maximum-likelihood fit. We
obtain

fmeas " 0:85& 0:29$stat! syst% (3)

and a t!t production cross section of !t!t " 8:17!0:78
#0:67 pb,

which is in good agreement with the SM prediction [30]
and previous measurements [11]. The statistical and sys-
tematic uncertainties on fmeas are given in Table I. For an
expected fraction of f " 1, we can exclude f < 0:481 at
the 95% C.L. For the observed value of fmeas " 0:85, we
can exclude f < 0:344 $0:052% at the 95 (99.7)% C.L. We
therefore obtain first evidence of SM spin correlation at 3.1
standard deviations. The probability to have a true value of
f " 0 for the observed value of fmeas " 0:85 is 0.16%.
Figure 2 shows corresponding bands of confidence level.

The ratio fmeas can be used to obtain a measurement of the
fractional difference Ameas by applying it as a multiplica-
tive factor to the NLO QCD prediction of ASM: Ameas "
fmeasASM. This yields Ameas " 0:66& 0:23$stat! syst%
[31].
In conclusion, we have presented the first measurement

of t!t spin correlation using a matrix-element-based ap-
proach in the ‘! jets channel. When combined with our
previous result in the dilepton channel, we obtain signifi-
cant evidence for the presence of spin correlation in t!t
events with 3.1 standard deviations.
We thank the staffs at Fermilab and collaborating insti-

tutions, and acknowledge support from the DOE and NSF
(USA); CEA and CNRS/IN2P3 (France); FASI, Rosatom,
and RFBR (Russia); CNPq, FAPERJ, FAPESP, and
FUNDUNESP (Brazil); DAE and DST (India);
Colciencias (Colombia); CONACyT (Mexico); KRF and
KOSEF (Korea); CONICET and UBACyT (Argentina);
FOM (The Netherlands); STFC and the Royal Society
(United Kingdom); MSMT and GACR (Czech Republic);
CRC Program and NSERC (Canada); BMBF and DFG
(Germany); SFI (Ireland); The Swedish Research Council
(Sweden); and CAS and CNSF (China).

*Deceased.
†Visitor from Augustana College, Sioux Falls, SD, USA.
‡Visitor from The University of Liverpool, Liverpool, UK.
§Visitor from UPIITA-IPN, Mexico City, Mexico.
kVisitor from SLAC, Menlo Park, CA, USA.
{Visitor from University College London, London, UK.

TABLE I. Summary of uncertainties on fmeas for the combined
fit in dilepton and ‘! jets channels.

Source !1SD #1SD

Muon identification 0.003 #0:003
Electron identification and smearing 0.009 #0:008
PDF 0.058 #0:051
mt 0.024 #0:040
Triggers 0.007 #0:008
Opposite charge selection 0.002 #0:002
Jet energy scale 0.005 #0:028
Jet reconstruction and identification 0.007 #0:035
b tagging 0.012 #0:012
Normalization 0.039 #0:043
MC statistics 0.015 #0:015
Instrumental background 0.003 #0:003
Luminosity 0.023 #0:023
Multijet background 0.007 #0:007
Other 0.007 #0:007
MC statistics for template fits 0.156 #0:156
Total systematic uncertainty 0.176 #0:184
Statistical uncertainty 0.251 #0:258

FIG. 2 (color online). Bands for 68%, 95% and 99.7% C.L. of
f as a function of fmeas for the combined dilepton and ‘! jets
fit. The thin light-color line indicates the most probable value of
f as a function of fmeas. The vertical dotted black line shows the
measured value of fmeas " 0:85.
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I. INTRODUCTION

This note describes a measurement of the correlation coe�cient between t spin and t̄ spin in the beam basis at tt̄
production and/or decay in pp̄ collisions at

p
s = 1.96 TeV using dilepton candidates observed in 5.1 fb�1 beam data

with the CDF detector at the Fermilab Tevatron.
The standard model predicts the top quark retain its original polarization at the production until decay [1], and

due to the decay via parity violating weak interaction, the information of the parent top polarization is transfered
to decay products. This means we can directly observe the polarization of top quark spin when it’s produced, and
of powerful use to a probe of tt̄ production mechanism. The spin-spin correlation at tt̄ production is expected to be
observed through correlations between flight directions of decay products.

In this analysis, we measure , the correlation coe�cient at the tt̄ decay in the dilepton channel, where tt̄ is supposed
to decay with the following di↵erential cross section and decay rate:

1
�

d2�

d cos ✓
+

d cos ✓�
=

1 +  cos ✓
+

cos ✓�
4

, (1)

where ✓
+

(✓�) denotes the angle of flight direction of `+(`�) with respect to the quantization axis of the top (anti-top)
quark.

The spin correlation depends on the quantization basis for top and anti-top spin. We select the beam basis. Beam
basis is the direction of the incident coliding particles. In this basis, the standard model predicts  is close to 1.
Including a contribution from tt̄ pair production through gg fusion,  is predicted to about 0.8 [2].

If we observe non-zero correlation coe�cient  in tt̄ production and/or decay, that consequently indicates the direct
evidence that top and anti-top are produced with their spins correlated and decay as bare quarks before losing their
spin polarizations.

FIG. 1: Definitions of ✓
+

, ✓�, ✓b, and ✓
¯b. ✓

+

, ✓�, ✓b, and ✓
¯b are angles of `+, `�, b, and b̄ flight direction with respect to each

quantization axis for top and anti-top in top and anti-top rest frames, respectively.

Fig. 1 shows the definition of ✓
+

, ✓�, ✓
b

, and ✓
¯

b

, and we use the distributions of ( cos ✓
+

, cos ✓�) and (cos ✓
b

, cos ✓
¯

b

)
to extract the spin correlation.

In this analysis, we used 334 tt̄ candidates in dilepton channel observed in CDFII detector. The detail of the
detector is described in [3].

II. DATA SAMPLE AND EVENT SELECTION

This analysis is based on an integrated luminosity of 5.1 fb�1 collected with the CDFII detector between March
2002 and June 2009. The data are collected with an inclusive lepton trigger that requires an electron or muon with
E

T

> 18 GeV (p
T

> 18 GeV/c for the muon). From this inclusive lepton dataset we select events o✏ine with two
high p

T

charged leptons from W decays, large missing E
T

(6E
T

) due to two missing neutrinos, and two jets originating
from b-quarks. The detailed selection criteria are described in [4]. We here briefly summarize the selection criteria
(We call DIL selection hereafter):
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D. Cross check of reconstruction method and background modeling

We check the modeling of background and kinematical reconstruction method by comparing distributions of observed
candidates in data with prediction of signal and background.

We compare one dimensional distribution of reconstructed cos ✓
+

and � cos ✓� (CP reversal of cos ✓
+

) in data with
prediction. Also, we compare distribution of cos ✓

b

and � cos ✓
¯

b

in data with prediction. Note that the one dimensional
distributions of cos ✓ of leptons and b-jets hardly depend on .

FIG. 6: The distribution of cos ✓
+

, � cos ✓� (left) and cos ✓b, � cos ✓
¯b (right). The cross indicates data and red band indicates

expected number of signal and background total events with 1� uncertainty.

Figure 6 shows the resultant distributions. The cross indicates data with statistical errors and red band indicates
expected sum of signal and background events with 1� uncertainty.

Note that since cos ✓ change the sign under P reversal, an asymmetry in numbers of events between positive and
negative indicates P violation. We couldn’t see any obvious P violation at tt̄ production in the beam frame.

IV. STATISTICAL AND SYSTEMATIC UNCERTAINTIES

In the previous section, signal and background templates are defined. To extract measured  from observed
distributions of reconstructed (cos ✓

+

, cos ✓�) and (cos ✓
b

, cos ✓
¯

b

), we define the following likelihood as a function of
assumed :

L() =
Y

i

f `(cos ✓i

+

, cos ✓i

�;)f b(cos ✓i

b

, cos ✓i

¯

b

;) , (5)

where i represent index of candidates, and

f `,b(x, y;) ⌘
N sig

exp

N sig

exp

+ Nbkg

exp

f `,b

sig

(x, y;) +
Nbkg

exp

N sig

exp

+ Nbkg

exp

f `,b

bkg

(x, y) . (6)

Here N sig

exp

, and Nbkg

exp

represent the expected number of events for signal and background, respectively. f `,b

sig

(x, y;), and
f `,b

bkg

(x, y) represent template functions for (cos ✓
+

, cos ✓�) and (cos ✓
b

, cos ✓
¯

b

) of signal and background, respectively.
A measured , meas, is defined as a  which gives maximum of the likelihood function.

A. Statistical uncertainty using pseudo-experiments

In this method, sensitivity to  measurement is decided by performing pseudo-experiments.
For one pseudo-experiment, first we assume the following input values:

• true 

• N
obs

: number of observed candidates

• N sig

exp

: number of expected tt̄ signal events
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Figure 10 shows the Feldman-Cousins confidence intervals constructed based on mean and uncertainty of meas and
observed result meas = 0.042. From the confidence intervals, we obtain from this the following results:

�0.520 <  < 0.605 (68% C.L.) (8)

or

 = 0.042+0.563

�0.562

(9)

on the assumption of M
top

= 172.5 GeV/c2.
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FIG. 11: 68% confidence intervals for  as a function of assumed M
top

. Solid line indicates center values of  measurement.

We also review how the result is a↵ected on another top mass assumption. Figure 11 shows 68% confidence intervals
for  as a function of assumed M

top

, obtained by repeating the same analysis with di↵erent top mass assumption. Solid
line indicates center values of  measurement. We don’t see any significant top mass dependence of  measurement.

The result is consistent with standard model prediction of  ⇠ 0.8 within 95% C.L. interval. Currently statistical
uncertainty is dominated. We consequently can reduce uncertainty as to increase of integrated luminosity. At this
point, we couldn’t reject null correlation hypothesis, but it might be possible to reject null correlation hypothesis with
more statistics in future.
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dilepton analysis, ~330 candidates
Cannot reject zero correlation hypothesis

D0:  
single lepton + 4 jets, ~730 candidates
Matrix element method

fmeas ! 0:85" 0:29#stat$ syst%

Combination single lepton + dilepton

~3s evidence of correlations
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Charge asymmetry
At Tevatron (p anti-p):

q anti-q annihilation dominant: top (anti-
top) dominant in direction of incoming 
quark (anti-quark)

At LHC (pp):
gg dominant: shape difference in top (anti-
top) rapidity due to asymmetries from qq 
and qg (at NLO)
AFB no longer useful observable, 
introducing charge asymmetry AC
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Abstract A measurement of the top-antitop produc-
tion charge asymmetry AC is presented using data cor-
responding to an integrated luminosity of 1.04 fb!1 of
pp collisions at

!
s = 7 TeV collected by the ATLAS

detector at the LHC. Events are selected with a single
lepton (electron or muon), missing transverse momen-
tum and at least four jets of which at least one jet is
identified as coming from a b-quark. A kinematic fit is
used to reconstruct the tt̄ event topology. After back-
ground subtraction, a Bayesian unfolding procedure is
performed to correct for acceptance and detector ef-
fects. The measured value of AC is AC = "0.018 ±
0.028 (stat.) ± 0.023 (syst.), consistent with the pre-
diction from the MC@NLO Monte Carlo generator of
AC = 0.006±0.002.Measurements of AC in two ranges
of invariant mass of the top-antitop pair is also shown.

Keywords Top physics · Charge asymmetry
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1 Introduction

The top quark is the heaviest elementary particle so far
observed. With a mass close to the electroweak scale it
may play a special role in physics beyond the Standard
Model (SM). Its pair production at hadron colliders al-
lows a test of quantum chromodynamics (QCD) at high
energies.

This paper describes the measurement of the charge
asymmetry AC , defined as [1, 2]:

AC =
N(!|y| > 0)"N(!|y| < 0)

N(!|y| > 0) +N(!|y| < 0)
, (1)

where!|y| # |yt|"|yt̄| is the di!erence between the ab-
solute values of the top and antitop rapidities (|yt| and
ae-mail: atlas.publications@cern.ch

|yt̄|) and N is the number of events with !|y| positive
or negative.

Although tt̄ production at hadron colliders is pre-
dicted to be symmetric under the exchange of t and t̄ at
leading order, at next-to-leading order (NLO) the pro-
cess qq̄ $ tt̄g exhibits an asymmetry in the di!erential
distributions of the top and antitop, due to interfer-
ence between initial and final state gluon emission. The
qq̄ $ tt̄ process also possesses an asymmetry due to
the interference between the Born and box diagrams.
Similarly, the qg $ tt̄q process is asymmetric due to
interference between amplitudes which have a relative
sign di!erence under the exchange of t and t̄. The pro-
duction of tt̄ pairs by gluon-gluon fusion, gg $ tt̄, on
the other hand, is symmetric.

In pp̄ collisions at the Tevatron, where top pairs are
predominantly produced by quark-antiquark annihila-
tion, perturbative QCD predicts that the top quark will
be preferentially emitted in the direction of the incom-
ing quark and the antitop in the direction of the in-
coming antiquark [3]. Consequently, the charge asym-
metry is measured as a forward-backward asymmetry,
AFB. Recent measurements of AFB by the CDF and
D0 Collaborations [4–7] show a 2-3" excess over the
SM expectations enhancing interest in scrutinising the
tt̄ asymmetry. For tt̄ invariant mass, mtt̄, greater than
450GeV, the CDF experiment measures an asymme-
try in the tt̄ rest frame which is 3.4" above the SM
prediction [6]. Several new physics models have been
proposed to explain the excess observed at CDF and
D0 [1, 8–17]. Di!erent models predict di!erent asym-
metries as a function of mtt̄ [18].

In pp collisions at the LHC, the dominant mech-
anism for tt̄ production is expected to be the gluon-
gluon fusion process, while tt̄ production via qq̄ or qg is
small. Since the initial state is symmetric, the forward-
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CMS PAS-TOP-11-030
arXiv:1112.5100
arXiv:1203.4211

CMS:  
lepton + jets: top charge correlated with lepton
Use W mass constraint for the neutrino
Use top kinematics to solve combinatorial

* Kühn & Rodrigo, arXiv:1109.6830

*

ATLAS:  
lepton + jets: top charge correlated with lepton
kinematic fit to assess compatibility of observed 
event with top pair decay
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Fig. 4 The unfolded !|y| distribution for the electron channel (left) and the muon channel (right) after b-tagging, compared
to the prediction from MC@NLO. The uncertainties on the measurement include both statistical and systematic contributions.
The error bands on the MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and
factorisation scales.

Asymmetry reconstructed detector and acceptance unfolded

AC (electron) -0.034 ± 0.019 (stat.) ± 0.010 (syst.) -0.047 ± 0.045 (stat.) ± 0.028 (syst.)

AC (muon) -0.010 ± 0.015 (stat.) ± 0.008 (syst.) -0.002 ± 0.036 (stat.) ± 0.023 (syst.)

Combined -0.018 ± 0.028 (stat.) ± 0.023 (syst.)

Table 3 The measured inclusive charge asymmetry values for the electron and muon channels after background substraction,
before and after unfolding.
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considering masses between 100 GeV and 10 TeV and
the range of couplings for which the new physics con-
tribution to the tt̄ cross section at the Tevatron lies in
the interval [-0.8,1.7] pb. This is a conservative require-
ment which takes into account the di!erent predictions

for the SM cross section as well as the experimental
measurement (see Ref. [17] for details).

In addition, a conservative upper limit on new physics
contributions to !tt̄ for mtt̄ > 1 TeV is imposed. Fur-
ther details can be found in Refs [17,55]. The coloured
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AC vs. top pair kinematics
In many new physics scenarios the charge asymmetry depends on phase space

High mass/pT regimes enhance the quark annihilation part of the initial state
Measure AC differentially as a function of pT, y or invariant mass of the top pair system
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Effective Field Theory (EFT): 
Anomalous axial-vector coupling of gluons to quarks, 
could explain the Tevatron anomaly 
PRD84:054017 (2011)
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Fig. 6 Measured FB asymmetries from the Tevatron and charge asymmetries from the LHC, compared to predictions from
the SM as well as predictions incorporating various potential new physics contributions. The horizontal (vertical) bands and
lines correspond to the ATLAS and CMS (CDF and D0) measurements. In (a) the inclusive values are presented and in (b)
the ATLAS measurement for mtt̄ > 450 GeV is compared to the CDF measurement. The MC predictions for the new physics
models are from Refs. [17, 55].

Rev. Lett. 101 (2008) 202001, arXiv:0806.2472
[hep-ex].

6. CDF Collaboration, T. Aaltonen et al., Evidence for a
mass dependent forward-backward asymmetry in top
quark pair production , Phys. Rev D83 (2011) 112003,
arXiv:1101.0034 [hep-ex].

7. D0 Collaboration, V. M. Abazov et al.,
Forward-backward asymmetry in top quark-antiquark
production , Phys.Rev. D84 (2011) 112005,
arXiv:1107.4995 [hep-ex].

8. P. Ferrario and G. Rodrigo, Constraining heavy colored
resonances from top-antitop quark events, Phys. Rev.
D80 (2009) 051701, arXiv:0906.5541 [hep-ph].

9. P. H. Frampton, J. Shu, and K. Wang, Axigluon as
Possible Explanation for pp̄ ! tt̄ Forward-Backward
Asymmetry, Phys. Lett. B683 (2010) 294–297,
arXiv:0911.2955 [hep-ph].

10. S. Jung, H. Murayama, A. Pierce, and J. D. Wells, Top
quark forward-backward asymmetry from new t-channel
physics, Phys.Rev. D81 (2010) 015004,
arXiv:0907.4112 [hep-ph].

11. K. Cheung, W.-Y. Keung, and T.-C. Yuan, Top Quark
Forward-Backward Asymmetry , Phys.Lett. B682
(2009) , arXiv:0908.2589 [hep-ph].

12. J. Shu, T. M. Tait, and K. Wang, Explorations of the
Top Quark Forward-Backward Asymmetry at the
Tevatron , Phys.Rev. D81 (2010) 034012,
arXiv:0911.3237 [hep-ph].

13. I. Dorsner, S. Fajfer, J. F. Kamenik, and N. Kosnik,
Light colored scalars from grand unification and the
forward-backward asymmetry in top quark pair
production , Phys. Rev. D81 (2010) 055009,
arXiv:0912.0972 [hep-ph].

14. B. Grinstein, A. L. Kagan, M. Trott, and J. Zupan,
Forward-backward asymmetry in tt̄ production from
flavour symmetries, Phys. Rev. Lett. 107 (2011)
012002, arXiv:1102.3374 [hep-ph].

15. Z. Ligeti, G. M. Tavares, and M. Schmaltz, Explaining
the tt̄ forward-backward asymmetry without dijet or
flavor anomalies, JHEP 06 (2011) 109,
arXiv:1103.2757 [hep-ph].

16. J. A. Aguilar-Saavedra and M. Perez-Victoria, Probing
the Tevatron tt̄ asymmetry at LHC , JHEP 05 (2011)
034, arXiv:1103.2765 [hep-ph].

17. J. Aguilar-Saavedra and M. Perez-Victoria,
Asymmetries in tt̄ production: LHC versus Tevatron ,
Phys.Rev. D84 (2011) 115013, arXiv:1105.4606
[hep-ph].

18. J. Aguilar-Saavedra and M. Perez-Victoria, Shaping the
top asymmetry , arXiv:1107.2120 [hep-ph].

19. CMS Collaboration, Measurement of the charge
asymmetry in top-quark pair production in
proton-proton collisions at sqrt(s) = 7 TeV ,
arXiv:1112.5100 [hep-ex].

20. ATLAS Collaboration, The ATLAS Experiment at the
CERN Large Hadron Collider , JINST 3 (2008) S08003.

21. S. Frixione and B.R. Webber, Matching NLO QCD
computations and parton shower simulations, JHEP
0206 (2002) 029, hep-ph/0204244.

22. P. M. Nadolsky et al., Implications of CTEQ global
analysis for collider observables , Phys. Rev. D78
(2008) 013004, arXiv:0802.0007 [hep-ph].

23. G. Corcella et al., HERWIG 6: An Event generator for
hadron emission reactions with interfering gluons
(including supersymmetric processes), JHEP 0101
(2001) 010, hep-ph/0011363.

24. J. M. Butterworth, J. R. Forshaw, and M. H. Seymour,
Multiparton interactions in photoproduction at HERA,
Z. Phys. C72 (1996) 637–646, arXiv:hep-ph/9601371.

25. M. Aliev et al., HATHOR: HAdronic Top and Heavy
quarks crOss section calculatoR, Comput. Phys.
Commun. 182 (2011) 1034–1046, arXiv:1007.1327
[hep-ph].

Inclusive (all masses) mtt>450 GeV



V. Chiochia (Uni. Zürich) – Top quark properties and top decays - FPCP 2012 - Hefei, 21 May 2012 21

FCNC in top decays



V. Chiochia (Uni. Zürich) – Top quark properties and top decays - FPCP 2012 - Hefei, 21 May 2012

Search for FCNC in top decays
At LO FCNC is highly suppressed: BRSM(t → qZ)~10-14 (NLO)

NLO corrections from BSM can enhance the BR by a factor of 1010

Search in top decays: t→qZ→ qℓ+ℓ- 
Trilepton events + 2 jets: very clean signature but small BR

22

CMS PAS-TOP-11-028
ATLAS-CONF-2011-154

1

1 Introduction

Since the discovery of the top quark, many measurements have served to elucidate its proper-
ties both as a test of the standard model (SM) and as a probe of new physics. The top quark
decays with a branching fraction approaching 100% to a bottom quark through a W boson,
t ! Wb. However, many extensions of the SM predict that the top could also decay through
a neutral Z boson, t ! Zq where q is a u or c quark. This decay occurs in the SM only at the
level of quantum loop corrections, and the branching fraction is predicted to be of the order
of O(10�14) [1], far below the experimental reach of the Large Hadron Collider (LHC). Detec-
tion of this signal would therefore be an indication of a large enhancement, and provides a
model-independent probe of new physics. There are several models that predict much higher
branching fractions for t ! Zq. For example, in R parity-violating supersymmetric models [2]
and topcolor-assisted technicolor [3], where Br(t ! Zc) could be as large as O(10�4).

Previous searches for the flavor changing neutral current decay t ! Zc performed at CDF and
D0 result in a limit for Br(t ! Zc) of 3.7%[4] and 3.2%[5] at the 95% CL, respectively. At the
current center-of-mass energy of the LHC, that is 7 TeV, the QCD production cross section of
tt̄ is about twenty times larger than at the Tevatron. This allows us to use clean samples based
on leptonic decays of the bosons. Recent searches in the three-lepton channels performed at
ATLAS with an integrated luminosity of 0.70 fb�1 result into an upper limit for Br(t ! Zc) of
1.1% [6].

We present a search for t ! Zq in tt̄ ! Zq + Wb ! ``j + `nb events. Since we expect Br(t !
Zq) to be small, it can be assumed that the second top quark will decay into a W and a b
quark. Therefore, we use three-lepton (eee, eeµ, eµµ, µµµ) final states. This choice allows for a
measurement with less background at the expense of fewer events.

The results are reported with a data sample corresponding to an integrated luminosity of
4.6 fb�1 recorded by the Compact Muon Solenoid (CMS) experiment during 2011.

2 CMS Detector

The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and 6 m
in diameter, which provides an axial magnetic field of 3.8 T. Within the field volume there are
several particle detection systems. Charged particle trajectories are measured by silicon pixel
and silicon strip trackers, covering 0  f  2p in azimuth and |h| < 2.5 in pseudorapidity,
defined as h = � log[tan q/2], where q is the polar angle of the trajectory of the particle with re-
spect to the counterclockwise proton beam direction. A crystal electromagnetic calorimeter and
a brass/scintillator hadron calorimeter surround the tracking volume, providing energy mea-
surements of electrons and hadron jets. Muons are identified and measured in gas-ionization
detectors embedded in the steel return yoke outside the solenoid. The detector is nearly her-
metic, allowing energy balance measurements in the plane transverse to the beam direction.
A two-tier trigger system selects the most interesting proton-proton collision events for use in
physics analysis. A more detailed description of the CMS detector can be found elsewhere [7].

3 Basic Selection

Samples of simulated events are used to guide the design of the analysis. The signal sample
pp ! tt̄ ! Zq+Wb ! `+`� j+ `±nb (` = e, µ) and the samples of WW and ZZ diboson events
are all simulated using PYTHIA [8]. The samples of Drell–Yan events with M`` > 50 GeV/c2,

9

Figure 2: Comparison between data and simulated events of the MZj and MWb distributions
after the basic event selection described in Section 3, requiring at least two jets and: (Top) the
minimum HTS value as required in the HTS-cut based selection. Last bin contains all overflow
events. (Bottom) exactly one heavy-flavor jet as required in the b-tag based selection; The data
is represented by the points with error bars and the solid white histogram is the expected signal
assuming Br(t ! Zq) equal to 1%. The red dotted lines show the boundaries of the allowed
mass region.
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Figure 2: Distributions obtained with the t ! qZ analysis after the preselection. Transverse momentum
of the a) leading lepton, b) lepton with second highest transverse momentum and c) lepton with third
highest transverse momentum; d) missing transverse energy; e) reconstructed mass of the two leptons
with same flavour and opposite charge and f) number of jets, are shown. The background uncertainties
shown include the Monte Carlo simulation statistical uncertainties and the DD uncertainties. The signal
distributions are normalized to the observed BR limit, at 95% CL.

DD methods.
For the estimation of the Z+jets events in the FCNC signal region, a DD method was developed,

similar to the one used for the ATLAS tt̄ cross-section measurement [61]. This method uses a sin-
gle control region in the (Emiss

T , m!!) plane by selecting events with two leptons, Emiss
T " 20 GeV and

|91.19 GeV#mreco
!!
| < 15 GeV. The Z+jets estimate in the FCNC signal region is then simply the num-

ber of simulation Z+jets events in the signal region scaled by the ratio of data events (reduced by the
Monte Carlo simulation expectation of other backgrounds) to the number of simulation Z+jets events,
both counted in the control region:

[NData
Z+jets]Signal region =

!

"

"

"

"

"

"

#

NData # NMonte Carlo
Other backgrounds

NMonte Carlo
Z+jets

$

%

%

%

%

%

%

&

Control region

$
'

NMonte Carlo
Z+jets

(

Signal region
. (2)

An overall scale factor was obtained and applied to the simulated Z+jets background, in order to estimate
the expected number of Z+jets events in the FCNC signal region. The remaining backgrounds with one
fake lepton (dileptonic tt̄ and Wt single top production) were estimated using Monte Carlo simulation

7

after preselection

UL (95% CL)
Br(t→qZ)<0.34% expected
Br(t→qZ)<0.34% observed

UL (95% CL)
Br(t→qZ)<1.4% expected
Br(t→qZ)<1.1% observed

Tevatron

UL (95% CL)
D0: Br(t→qZ)<3.2%

CDF: Br(t→qZ)<3.7%

World best

3ℓ+2j
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Conclusions and outlook
2011 was a crucial year for top physics:

Fast increase of data samples at LHC and new results from Tevatron
Converging on LHC+TeV combination of top mass measurements

• Higher precision may require better understanding of color reconnection
Deep testing of top sector and access to differential distributions

• Improved sensitivity to anomalous Wtb couplings 
• First 5s evidence of spin correlations
• Differential distributions of charge asymmetries
• Upper limits on FCNC in top decays improved by up to a factor of 10!

No hints of new physics yet but excellent perspectives at √s=8 TeV

23

Il futuro prossimo  

•  Iniziamo ad avere dati a 8 TeV  

•  Ottime prospettive (e tanto lavoro …) per 
la fisica del top 

Acknowledgements:  R.Tenchini

20-50% increase
in top cross section
at 8 TeV
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BACKUP
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CMS: top mass systematics
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l+jets dileptons

]2Top quark mass [GeV/c
155 160 165 170 175 180 185

 4.9)± 10.3 ±(  11.4±167.4 
CDF-I dilepton

 3.6)± 12.3 ±(  12.8±168.4 
-I dilepton∅D

 3.1)± 2.0 ±(  3.7±170.3 
CDF-II dilepton

 2.5)± 1.8 ±(  3.1±174.0 
-II dilepton∅D

 4.6)± 4.6 ±(  6.5±175.5 
CMS 2010 dilepton

 2.6)± 1.2 ±(  2.8±173.3 
CMS 2011 dilepton KINb (prelim.)

Tevatron EWK Working Group, arXiv:1107.5255


